Composite cathodes of 50/50 vol% LSM-YSZ (La 1-x Sr x MnO 3 -yttria stabilized zirconia) were deposited onto dense YSZ electrolytes by a colloidal deposition technique. The cathode characteristics were then examined by scanning electron microscopy (SEM) and studied by ac impedance spectroscopy (IS). Conditioning effects of the LSM-YSZ cathodes were seen, and remedies for these effects were proposed for improving the performance of a solid oxide fuel cell (SOFC). LSM surface contamination and modification, cathode bonding to the YSZ electrolyte, changing Pt electrode and bonding paste, and curvature of sintered YSZ electrolytes led to some changes in microstructure and variability in cell performances. Much of the variability could be eliminated by using only one batch of Pt paste, using flat and sanded YSZ plates as well as consistent processing procedures. Reproducible impedance spectra were obtained by using the improved cell configurations. Typical IS spectra measured for an (air)LSM-YSZ/YSZ/LSM-YSZ(air) cell at 900℃ showed two depressed arcs. The impedance characteristics of the LSM- 
Introduction
In recent years several groups worldwide have been involved in the development of solid oxide fuel cells (SOFCs) capable of delivering high power at reduced temperatures, and remarkable progress has been made in developing reduced temperature SOFCs. The approaches generally fall into two categories: the use of materials with substantially higher conductivity and/or fabrication of SOFCs using thin-film electrolyte membranes. Several methods for depositing thin-film onto porous SOFC electrodes/substrates have attracted widespread attention because the electrolyte ohmic loss became negligibly small as electrolyte thickness was reduced [1] [2] [3] [4] [5] [6] . A high-performance, planar thin-film SOFC fabricated by a colloidal deposition of YSZ on porous electrode, showing excellent performance at 800 0 C, was first reported by de Souza et al. [5] . Clearly, after the resistance of the electrolyte has been lowered to acceptable (or negligible) levels, the performance of the anode and, particularly, the cathode becomes the limiting factor to performance at temperature below 800℃.
La 1-x Sr x MnO 3 (LSM) has been considered one of the most promising cathode materials for SOFC due to its the good performance [7] . At reduced temperatures (700-800℃), however, the related cathode overpotential remains significant in SOFCs. Therefore, it is desirable to decrease further the overpotential for the LSM cathode. In recent studies, improvement of electrochemical performance relative to the performance of the conventional LSM cathodes was observed for composite cathodes produced by mixing powders of YSZ and LSM. This result could be attributed to the contribution of the increased length of triple-phase boundaries (TPB)
constituting the electrode/electrolyte/gas interface. It is clear that composite electrodes (i.e., LSM-YSZ) perform much better than the single component electrodes (i.e., LSM). However, there still remains controversy regarding the details of the electrode kinetics, since the experimental conditions (i.e., chemical composition, grain/particle size distribution, microstructure, thickness, firing temperature, porosity, etc.) play an important role. Therefore, 3 LBNL-51873 more information is needed to understand the performance of thin-film SOFCs with LSM-YSZ composite electrodes at reduced temperatures.
In this study the electrochemical evaluation of a series of perovskite electrodes is presented. Specifically, composite cathodes with 50/50 vol% LSM-YSZ are evaluated for use in conventional and thin-film SOFCs.
Experimental
For the electrolytes, sintered 8 mol% YSZ pellets were used. YSZ powder supplied by Tosoh Co., Ltd. was pressed, and sintered in air at 1450℃ for 4 h, to form pellets of ca. 30 mm in diameter and ca. 0.6 mm in thickness with relative density of more than 95% of theoretical. The YSZ pellets developed a curvature, corresponding to an offset of about 3mm in their center. The curvature avoided contact with the alumina setter plates during subsequent firing of the sprayedon electrodes.
Various La 1-x Sr x MnO 3 (LSM) powders with 0 ≤ x ≤ 0.5 were prepared by the glycinenitrate combustion process [8] , with a glycine/nitrate ratio of 0.5. These powders were subsequently calcined in air at 1200℃ for 4 h. The resulting LSM powders and YSZ powders, in a ratio 50/50 vol%, were milled for 1.5 h in acetone, using zirconia milling media. The LSM-YSZ cathode powders were dried, dispersed in isopropyl alcohol, and applied to a 1 cm x 1 cm masked-off area on the electrolyte plates to form the working electrodes, and fired at 1100℃ for 4 h. The Pt counter-and Pt reference-electrodes were deposited on the other side of the YSZ plates as a thin layer of Pt paste (Heraeus), and then fired at 950℃ for 0.5 h. The current collector was Pt mesh, fixed to the electrode surface by Pt paste. After firing at 950℃ for 0.5 h, the Pt mesh adhered well to the electrodes. The thickness of the working electrode (LSM-YSZ) was LBNL-51873 measured the be about 10 µm by SEM. Cells with YSZ electrolyte sandwiched between two similar LSM-YSZ cathode materials were also prepared. Some of he LSM electrodes were further modified by application of Ni or Sr as a nitrate solutions in isopropyl alcohol.
Impedance spectroscopy was used to measure the resistivity of the LSM-YSZ cathodes layers, using a computer-controlled Solatron SI 1260 Impedance/Gain-Phase Analyzer in combination with a PAR Potentiostat/Galvanostat. Impedance spectra were taken in the frequency range of 0.1 Hz to 100 kHz, and the applied AC amplitude was set to 10 mV. Impedance spectra were also obtained for samples after heat-up or cool-down to the measurement temperature, either immediately or after a 24 hr delay. Zplot and Zview (Scribner Associates Inc.) electrochemical impedance software, and appropriate parameters for the appropriate equivalent model circuit were determined. The impedance spectrum of the LSM-YSZ electrode shows two overlapping semicircles: the one at the high frequency side was due to charge transfer process; the other at the low frequency one can be attributed to mass transfer (or diffusion process) of the oxide ion [13] [14] [15] [16] [17] [18] [19] . Also, the spectrum shows that high frequency arc is much smaller than the low frequency arc. This result indicates that mass transfer (low frequency arc) is dominant in this LSM-YSZ cathode. In Fig. 3 , the polarization resistance of LSM15-YSZ cathode is shown to be lower than that of LSM15. This result indicates that with addition of YSZ to the LSM15 electrode, spatial enlargement of the TPB length was realized so that the oxygen ion transfer step could be accelerated. It is also evident from Fig. 3 that the polarization resistance of LSM15-YSZ cathodes deposited on sanded YSZ surface is much reduced compared to that of LSM15. This result supports further that the polarization resistance of LSM15-YSZ cathode deposited on sanded YSZ surface is drastically decreased due to the combination of spatial enlargement of the TPB length and removal of the surface impurities as mentioned above. Figure 4 shows the impedance spectra obtained from LSM15-YSZ and LSM15 with and without Ni-or Sr-nitrate modification. For LSM15-YSZ modified with Ni or Sr, the polarization resistance was much smaller than for LSM15-YSZ without Ni or Sr, whereas for the LSM15 with the Ni or Sr modification, the opposite result was obtained. This result is not clearly understood at present. Generally, the polarizability of SOFC electrodes is reduced by the presence of additional catalytically active elements. The effect is associated with an increasing rate of interface oxygen exchange at either electrode/gas or electrolyte/gas surfaces, with an increasing TPB activity, or with a combination of these factors. At the same time, we may postulate that substitution of manganese by diffusion and/or reaction of catalytic elements into the LSM15 can lead to a significant decrease in oxygen diffusivity, although it leads to an increase in the surface electrochemical activity of the LSM15 cathode. A full analysis is the subject of future work. The electrode/electrolyte contact for convex side in the LSM-YSZ electrode appears to be much worse than for the concave or the flat side. Figure 9 shows impedance spectra of LSM-YSZ cathodes before and after passing current.
Results and discussion
Measurements were taken at 900 0 C, (a) before passing current, (b) 4 min after passing a current 
Conclusions
The cathode resistivities of 50/50 vol% LSM-YSZ for use in conventional and thin-film SOFCs were investigated by the complex ac impedance measurement. The electrode impedance response was very sensitive to the fabrication procedures. Reproducible impedance spectra could be obtained by establishing consistent processing and testing conditions of the cell components.
Improvement of electrochemical performance for LSM-YSZ cathode materials at reduced temperatures is most likely to come from engineering of electrolyte/electrode interface. Z'' 
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